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RI D IHUU\ RU 5R5R VKLS RSHUDWLQJ LQ URXWHV WKDW LQFOXGH (PLVVLRQ &RQWURO $UHDV (&$V DUH
FRPSDUDWLYHO\ DVVHVVHG 6SHFLILFDOO\ D GXDO IXHO HQJLQH SURSXOVLRQ SODQW LV FRPSDUHG ZLWK D
FRQYHQWLRQDO'LHVHO HQJLQHSODQW)RUERWK FDVHV WKH LQVWDOODWLRQRI D:DVWH+HDW5HFRYHU\ V\VWHP
ZKLFKFRYHUVDSDUWRIWKHVKLSHOHFWULFHQHUJ\GHPDQGLVDOVRFRQVLGHUHG7KHVKLSPDLQ')HQJLQHV
DUHDVVXPHGWRRSHUDWHXVLQJ/1*DQGDVPDOODPRXQWRI0'2IRULQLWLDWLQJFRPEXVWLRQZKHUHDVORZ





SURSXOVLRQ V\VWHP FDVHV ZHUH FRPSDUHG RQ ((', EDVLV )LQDOO\ WKH /LIH &\FOH &RVW IRU HDFK









7KH LQFUHDVHGSUHVVXUH IRUJUHHQHU VKLSSLQJ UHVXOWHG LQ DQ XSGDWHG OHJLVODWLRQ IUDPHZRUN VHW E\ WKH
,QWHUQDWLRQDO0DULWLPH2UJDQL]DWLRQ,02IRUFRQVWUDLQLQJWKHJUHHQKRXVHJDVHRXVHPLVVLRQVPDLQO\
WKHFDUERQGLR[LGHDVZHOODVWKHQLWURJHQR[LGHV12[DQGVXOSKXUR[LGHV62[7KXVLQWKHUHFHQW
DPHQGPHQW RI ,02 UXOHV >@ WKH (QHUJ\ (IILFLHQF\ 'HVLJQ ,QGH[ ((', DQG WKH 6KLS (QHUJ\
(IILFLHQF\0DQDJHPHQW3ODQ 6((03ZHUH LQWURGXFHGIRFXVLQJRQ WKH UHGXFWLRQRI&2 HPLVVLRQV
DQGIXHOFRQVXPSWLRQWKURXJKRXWWKHVKLSOLIHWLPH)RUUHGXFLQJ62[HPLVVLRQVWKH,02>@GHILQHV
WKH XSSHU OLPLWV RI WKH VXOSKXU FRQWHQW IRU WKH IXHOV XVHG RQERDUG VKLSV VDLOLQJ LQVLGH DQG RXWVLGH
(PLVVLRQ&RQWURO$UHDV (&$3UHVHQWO\ WKHXVHRIPDULQH IXHOVZLWKXS WRVXOSKXU FRQWHQW LV
RQO\SHUPLWWHGLQVLGH(&$VZKHUHDVWKHDOORZHGIXHOVXOSKXUFRQWHQWYDOXHZLOOEHGUDVWLFDOO\UHGXFHG
UHDFKLQJ  IURP  RQZDUGV )RU WKH 12[ HPLVVLRQV WKH WKUHH WLHU SURJUDP >@ KDV EHHQ





SURSXOVLRQ V\VWHP FDQ EH WDNHQ WKHVH FRPSULVH WKH LQGXFWLRQ RI PRUH RSWLPLVHG SURSXOVRU GHVLJQV
LQFOXGLQJZLQJWKUXVWHUVDQGFRQWUDURWDWLQJSURSHOOHUVDVZHOODVWKHUHSODFHPHQWRIWKHFRQYHQWLRQDO
PHFKDQLFDO V\VWHP E\ WKH PRUH IOH[LEOH 'LHVHO(OHFWULF SURSXOVLRQ V\VWHP RU FRPELQHG 'LHVHO
PHFKDQLFDOHOHFWULFSURSXOVLRQV\VWHPV>@+RZHYHULQRUGHUIRUWKHVKLSSURSXOVLRQHQJLQHVUXQQLQJ
RQ +HDY\ )XHO 2LO +)2 RU 0DULQH 'LHVHO 2LO 0'2 WR FRPSO\ ZLWK WKH IXWXUH HQYLURQPHQWDO
UHJXODWLRQV>@WHFKQLTXHVVXFKDV6HOHFWLYH&DWDO\WLF5HGXFWLRQ6&5RU([KDXVW*DV5HFLUFXODWLRQ
(*5PLJKWEHUHTXLUHGIRUUHGXFLQJWKH12[HPLVVLRQVZKHUHDVH[KDXVWVFUXEEHUVRUDOWHUQDWLYHO\
VHSDUDWH ORZ VXOSKXU IXHO V\VWHPV KDYH WR EH LQVWDOOHG RQERDUG IRU DGGUHVVLQJ WKH 62[ HPLVVLRQV
UHGXFWLRQ LVVXH >@7KHVHPHDVXUHVGHWHULRUDWH WKH VKLSSURSXOVLRQSODQWHIILFLHQF\DQGDVD UHVXOW
LQFUHDVHWKH&2HPLVVLRQVDVZHOODVWKHVKLSRSHUDWLRQDOFRVW$OOWKHDERYHLQFRQMXQFWLRQZLWKWKH
XQSUHFHGHQWHG ULVLQJ RI IXHO RLO SULFHV WKURXJKRXW WKH ODVW \HDUV DQG WKH FRQWLQXRXVO\ LQFUHDVLQJ
DYDLODELOLW\ RI QDWXUDO JDV UHVRXUFHV DURXQG WKH JOREH >@ UHQGHU WKH XVH RI /LTXHILHG 1DWXUDO *DV
/1*DVDQDOWHUQDWLYHPDULQHIXHODWWUDFWLYH/1*IXHOLVSUHVHQWO\HVWDEOLVKHGDVDFOHDQDQGUHOLDEOH
IXHO IRU SURSXOVLRQ DQG DX[LOLDU\ SRZHU JHQHUDWLRQ DQG LWV XVDJH IRUPV D YHU\ HIILFLHQW ZD\ IRU
UHGXFLQJ HPLVVLRQV >@ ,QGHHG WKH 62[ HPLVVLRQV DUH WRWDOO\ HOLPLQDWHG RZLQJ WR WKH IDFW WKDW
VXOSKXULVQRWFRQWDLQHGLQ/1*ZKHUHDVWKH12[HPLVVLRQVFDQEHUHGXFHGXSWRRZLQJWRWKH
IDFW WKDW WKHFRPEXVWLRQ WDNHVSODFHDWDLU±IXHO UDWLRYDOXHVDURXQG WR OHDQEXUQFRPEXVWLRQ
FRQFHSW,QDGGLWLRQWKHUHGXFWLRQRI&2HPLVVLRQVFDQUHDFKWKDQNVWRWKHORZFDUERQWR
K\GURJHQ UDWLR RI IXHO 2Q WRS RI WKH DERYH WKH ') HQJLQHV H[KLELW YHU\ ORZ SDUWLFXODWH HPLVVLRQV
OHYHOQRYLVLEOHVPRNHDQGQRVOXGJHGHSRVLWV>@7KH/1*LQIUDVWUXFWXUHKDVEHHQGHYHORSHGLQWKH





XVHG IRUPDQ\\HDUVRQERDUG OLTXHILHGJDVFDUULHUV HTXLSSHGZLWK VWHDP WXUELQHSURSXOVLRQ V\VWHPV
5HFHQWO\IRXUVWURNHGLHVHOPHFKDQLFDORUGLHVHOHOHFWULFSURSXOVLRQV\VWHPV>@KDYHEHHQDOVRXVHG
7KHIRUPHUSURYLGHJUHDWHULQFUHDVHRIWKHSURSXOVLRQSODQWHIILFLHQF\ZKHUHDVWKHODWWHUFRPELQHWKH
















'LHVHO F\FOH$QDOWHUQDWLYH FDWHJRULVDWLRQRIJDV IXHOOHG HQJLQHV FDQEH DFFRPSOLVKHGEDVHGRQ WKH
LJQLWLRQ SULQFLSOH VSDUN LJQLWLRQ YHUVXV OLTXLG IXHO SLORW LJQLWLRQ DQG WKH FRPEXVWLRQ FKDPEHU
JHRPHWU\ VLQJOH FKDPEHU YHUVXVSUHFKDPEHU >@ 7KH FRQFHSWRIXVLQJ') PHGLXP VSHHGGLHVHO
HQJLQHVLQPDULQHSURSXOVLRQSODQWVLVFRQWLQXRXVO\H[SDQGLQJQRZDGD\V>@DQXPEHURIIHUULHVZLWK









WKH VZLPPLQJ SRRO DQG G RQ WKH XSSHU RSHQ GHFN LI VSDFH DYDLODEOH $QRWKHU FKDOOHQJH IRU /1*
VWRUDJHFRPHVIURPWKHODUJHUVL]HRIWKHWDQNV>@,QRUGHUWRSURGXFHWKHVDPHDPRXQWRIHQHUJ\D
YROXPHRI/1*HTXDOWRWLPHVWKDWRIGLHVHOIXHOLVUHTXLUHG:KHQWDNLQJLQWRDFFRXQWWKH/1*
WDQN LQVXODWLRQYROXPHDQG WKHPD[LPXPWDQN ILOOLQJ UDWLR WKDWFDQEHRQO\XS WR WKH UHTXLUHG










HPLVVLRQV ZDVWH KHDW UHFRYHU\ :+5 V\VWHPV KDYH EHHQ XVHG 'HSHQGLQJ RQ WKH VKLS VL]H WKH
IROORZLQJW\SLFDORSWLRQVRIWKHH[KDXVWJDV:+5V\VWHPVDUHFRPPRQO\LQVWDOOHG>@DV\VWHPV
IRUWKHSURGXFWLRQRIVDWXUDWHGVWHDPLQGHQWHGIRUFRYHULQJWKHWKHUPDOSRZHUUHTXLUHPHQWVRIWKHVKLS
KHDWLQJ VHUYLFHV E V\VWHPV IRU JHQHUDWLQJ HOHFWULFLW\ LQ D VWHDP WXUELQH GULYHQ JHQHUDWRU WXUER
JHQHUDWRU DQG F V\VWHPJHQHUDWLQJHOHFWULFHQHUJ\ LQDFRPELQHGVWHDP WXUELQHSRZHUJDV WXUELQH
GULYHQ JHQHUDWRU $ FRPSUHKHQVLYH UHYLHZ RI WKH ZDVWH KHDW UHFRYHU\ DSSOLFDWLRQV IRU RFHDQJRLQJ
YHVVHOVLVSUHVHQWHGLQ>@,Q'LPRSRXORVHWDO>@WKHPRGHOOLQJDQGRSWLPLVDWLRQRIDFRQWDLQHUVKLS
SRZHU SODQW V\VWHP FRPELQHG ZLWK D ZDVWH KHDW UHFRYHU\ V\VWHP ZDV SUHVHQWHG ,Q +RXQWDODV HW DO
>@WKHZDVWHKHDWUHFRYHU\V\VWHPIRUUHFRYHULQJHQHUJ\IURPWKHH[KDXVWJDVRIDPDULQHWZRVWURNH
HQJLQHLVLQYHVWLJDWHGFRPSDULQJLWVREWDLQHGSHUIRUPDQFHZKHQXVLQJWZRGLIIHUHQWZRUNLQJIOXLGV,Q
&KRL DQG .LP >@ D FRPELQHG ZDWHURUJDQLF IOXLG ZDVWH KHDW UHFRYHU\ V\VWHP IRU WKH SURSXOVLRQ
HQJLQHRI D FRQWDLQHUVKLS LV H[DPLQHG ,Q*HZDOG HW DO >@ DQ LQWHJUDWHG DSSURDFK WRRSWLPLVH WKH
FRPELQHGF\FOHRYHUDOOV\VWHPHIILFLHQF\IRUWKUHHODUJHPHGLXPVSHHGHQJLQHVZDVSUHVHQWHGIRFXVLQJ




7HFKQRHFRQRPLF LQYHVWLJDWLRQ RI DOWHUQDWLYH RSWLRQV IRU SURSXOVLRQ SODQWV VSHFLILFDOO\ IRU VKLSV
RSHUDWLQJIUHTXHQWO\LQ(&$DUHDVHJ)HUULHV5R5RVKLSVKDQG\VL]HWDQNHUV LVDXVHIXOWRROWKDW













LQFUHDVHG UHOLDELOLW\ DQG VDIHW\ DQG DGGLWLRQDOO\ RSHUDWH DW KLJK HIILFLHQF\ OHYHOV 7KH W\SLFDO IHUU\
SURSXOVLRQ V\VWHP DUUDQJHPHQW FRPSULVHV WZR SDLUV RI HQJLQHV RI WKH IRXUVWURNH W\SH ZKLFK DUH
FRQQHFWHGWRWKHUHVSHFWLYHJHDUER[HVIRUGULYLQJWKHWZRVKLSSURSHOOHUV$SRZHUWDNHRIIPDFKLQH
XVXDOO\ DQ HOHFWULF JHQHUDWRU LV DOVR FRQQHFWHG WR HDFK JHDUER[ 7KH VKLS HOHFWULF SRZHU GHPDQG LV
FRYHUHGE\DQXPEHUXVXDOO\ WKUHHHOHFWULFJHQHUDWRUV)RUIXUWKHU LQFUHDVLQJ WKHHIILFLHQF\DQG WKH
IOH[LELOLW\ RI WKH WUDGLWLRQDO IHUU\ SURSXOVLRQ V\VWHP PRGLILHG FRQILJXUDWLRQV RI FRPELQHG GLHVHO
HOHFWULF DQG GLHVHOPHFKDQLFDO V\VWHPV ZKLFK GULYH FRQWUROODEOH SLWFK SURSHOOHUV SRG WKUXVWHUV RU
FRQWUDURWDWLQJSURSHOOHUVKDYHEHHQSURSRVHG>@)RUWKHFDVHVRIIHUULHVSURSXOVLRQSODQWVRSHUDWLQJ








RI WZRPDLQ HQJLQHVRI WKH IRXUVWURNH W\SH HDFKRQH LV FRQQHFWHG WRRQH HQJLQH FRQWUROODEOHSLWFK
SURSHOOHUYLDDJHDUER[XQLW,QDGGLWLRQWKUHHJHQHUDWRUVHWVDUHLQVWDOOHGIRUFRYHULQJWKHVKLSHOHFWULF
SRZHU UHTXLUHPHQWV )RU LQFUHDVLQJ WKH HIILFLHQF\ RI WKH SRZHU SODQW DW VKLS VDLOLQJ FRQGLWLRQV WKH
LQVWDOODWLRQ RI :+5 V\VWHPV IRU UHFRYHULQJ SDUW RI WKH VKLS PDLQ HQJLQHV H[KDXVW JDV KHDW DQG
SURGXFLQJHOHFWULFHQHUJ\ZDVDOVRVWXGLHG

7KHFRQVLGHUHG:+5V\VWHPVDUUDQJHPHQW DVZHOO DV WKHLU FRPSRQHQWV DQGSLSLQJDUH LOOXVWUDWHG LQ
)LJXUH7KHV\VWHPVDUHRIWKHVLQJOHVWHDPSUHVVXUHW\SHZLWKH[WHUQDOKHDWH[FKDQJHUIRUKHDWLQJWKH
IHHGZDWHU HQWHULQJ LQWR WKHERLOHU GUXP 7KHKHDW H[FKDQJHU LV XVHG VR WKDW WKH ZDWHU HQWHULQJ WKH
HFRQRPLVHU VHFWLRQRI WKHERLOHU LVNHSW LQ D WHPSHUDWXUH OHYHO DURXQGR&IRU WKH FDVHRI'LHVHO
IXHOV LQRUGHU WRDYRLGFRQGHQVLQJRI WKHVXOSKXUR[LGHVFRQWDLQHG LQ WKHH[KDXVWJDVZKLFKFDXVHV
FRUURVLRQRIWKHERLOHUVXUIDFHV7KHRSWLRQRIKHDWLQJWKHIHHGZDWHUXVLQJWKHHQJLQHDLUFRROHULVDOVR
WDNHQ LQWR FRQVLGHUDWLRQ 7KH :+5 V\VWHPV DUH XVHG IRU WKH SURGXFWLRQ RI RQO\ VXSHUKHDWHG VWHDP
ZKLFK H[SDQGV LQ D VWHDP WXUELQH FRXSOHG WR DQ HOHFWULF DOWHUQDWRU WKXV JHQHUDWLQJ HOHFWULFLW\ 7KH
H[KDXVW JDV ERLOHU FRQVLVWV RI WKUHH VWDJHV WKH HFRQRPL]HU SUHKHDWHU WKH HYDSRUDWRU DQG WKH
VXSHUKHDWHU7KHIHHGZDWHULVSXPSHGE\WKHIHHGZDWHUSXPSLQWRWKHZDWHUVWHDPGUXPZKHUHDVDQ
H[WHUQDOKHDWH[FKDQJHULVXVHGIRUSUHKHDWLQJLW$VDQRSWLRQWKHKLJKWHPSHUDWXUHVWDJHRIWKHHQJLQH
DLUFRROHUFRXOGEHDOVRXVHGIRU LQLWLDOO\SUHKHDWLQJ WKHIHHGZDWHU7KHKHDWLQJPHGLXPRI WKHKHDW
H[FKDQJHULVWKHVDWXUDWHGZDWHUFRQWDLQHGLQWKHGUXPZKLFKLVSXPSHGE\WKHHFRQRPL]HUFLUFXODWLQJ
ZDWHUSXPSHQWHUV WKHKHDWH[FKDQJHUKHDWLQJ WKH IHHGZDWHU OHDYHV WKHKHDW H[FKDQJHUZLWK ORZHU
WHPSHUDWXUHDQG WKHQHQWHUV WR WKHHFRQRPLVHU VHFWLRQ7KHFLUFXODWLQJZDWHU H[LWLQJ WKHHFRQRPL]HU
UHWXUQV WR WKH GUXP KDYLQJ WHPSHUDWXUH DSSUR[LPDWHO\ HTXDO WR WKH VDWXUDWLRQ WHPSHUDWXUH
FRUUHVSRQGLQJWRWKHGUXPRSHUDWLQJSUHVVXUH$QDGGLWLRQDOFLUFXODWLQJSXPSLVXVHGWRFLUFXODWHWKH
 
ZDWHU WKURXJKWKHHYDSRUDWLRQVHFWLRQRI WKHERLOHUZKHUHDSRUWLRQRIVDWXUDWHGZDWHU LVHYDSRUDWHG
DQGVDWXUDWHGVWHDPLVSURGXFHG7KHIORZUDWHRIWKLVSXPSLVXVXDOO\VHOHFWHGWZRWRIRXUWLPHVWKH
IORZ UDWH RI IHHG ZDWHU VR WKDW WKH LQWHJULW\ RI WKH HYDSRUDWRU LV QRW MHRSDUGL]HG LQ WKH FDVH ZKHUH
WHPSRUDULO\PRUHVWHDPLVSURGXFHGDWV\VWHPWUDQVLHQWV7KHVDWXUDWHGZDWHUVWHDPPL[WXUHH[LWLQJWKH
ERLOHUUHWXUQVLQWRWKHGUXPZKHUHWKHVDWXUDWHGVWHDPLVVHSDUDWHGIURPWKHZDWHUDQGLVDFFXPXODWHG
LQ WKH XSSHU SDUW RI WKH GUXP 7KH VDWXUDWHG VWHDP LV DGYDQFHG LQWR WKH VXSHUKHDWHU VHFWLRQ RI WKH
ERLOHU7KHVXSHUKHDWHGVWHDPH[LWLQJWKHERLOHUHQWHUVLQWRWKHVWHDPWXUELQHVWDJHVRIWXUERJHQHUDWRU
ZKHUHLWH[SDQGVSURGXFLQJPHFKDQLFDOSRZHUDQGGULYLQJWKHHOHFWULFJHQHUDWRU7KHVWHDPH[LWLQJWKH
VWHDP WXUELQH LV DGYDQFHG WR WKH FRQGHQVHU ZKHUH LW FRQGHQVHV E\ WKH XVDJH RI VHD ZDWHU 7KH
FRQGHQVDWH LV WKHQSXPSHGLQWRWKHIHHGZDWHU WDQNKRWZHOO WKURXJKWKHFRQGHQVDWHSXPS,QFDVH











)RU DQDO\VLQJ WKH HQJLQH VWHDG\ VWDWH SHUIRUPDQFH DV ZHOO DV WUDQVLHQW UHVSRQVH YDULRXV PRGHOOLQJ
WHFKQLTXHV KDYH EHHQ XVHG WKHVH LQFOXGH PHDQ YDOXH HQJLQH PRGHOV >@ ]HURRQH GLPHQVLRQDO
VLPXODWLRQ WRROV >@RU D FRPELQDWLRQRI WKH WZR WHFKQLTXHV >@+RZHYHU WKHSUHVHQW VWXG\ LV
IRFXVHG RQ WKH VWHDG\ VWDWH RSHUDWLRQ RI WKH GHVFULEHG SUHYLRXVO\ IHUU\ SURSXOVLRQ V\VWHP DQG WKH
UHTXLUHGVWHDG\VWDWHHQJLQHSHUIRUPDQFHSDUDPHWHUVIRUWKHVHOHFWHGPDLQDQGDX[LOLDU\HQJLQHVZHUH
















































XQLW H[LW LQLWLDOO\ WKH H[KDXVW JDV LV FRROHG GXH WKH XUHDZDWHU HYDSRUDWLRQ KHDWLQJ RI H[KDXVW JDV
WDNHVSODFHVLQFDWDO\VWVXUIDFHVGXHWRWKHUHDFWLRQH[RWKHUPLFQDWXUHWKLVZDVQRWWDNHQLQWRDFFRXQW

7KH :+5 V\VWHPV RSHUDWLRQ ZDV DQDO\VHG XQGHU VWHDG\ VWDWH FRQGLWLRQV E\ DSSO\LQJ WKH PDVV DQG
HQHUJ\FRQVHUYDWLRQHTXDWLRQVLQWKHYDULRXVFRPSRQHQWVRIWKHLQVWDOODWLRQDVH[SODLQHGEHOORZ7KH
ERLOHU WUDQVIHUUHG KHDW IURP WKH H[KDXVW JDV WR WKH VWHDPZDWHU LV FDOFXODWHG XVLQJ WKH IROORZLQJ
HTXDWLRQ
 B B B b b g p g g i g oQ m c T TK     
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
ZKHUH Bcw ecm LV WKHHFRQRPL]HUFLUFXODWLQJZDWHUPDVV IORZUDWH Bcw evm LV WKHHYDSRUDWRUFLUFXODWLQJ
ZDWHU PDVV IORZ UDWH shm LV WKH VXSHUKHDWHG VWHDP PDVV IORZ UDWH sm  LV WKH PDVV IORZ UDWH RI WKH
VDWXUDWHG VWHDP SURGXFHG LQ WKH HYDSRUDWRU hcw_ec_i LV WKH VSHFLILF HQWKDOS\ RI WKH FLUFXODWLQJ ZDWHU
HQWHULQJ LQWR WKH HFRQRPL]HU ZKLFK LV H[LWLQJ IURP WKH H[WHUQDO KHDW H[FKDQJHU hsh LV WKH VSHFLILF
HQWKDOS\RIWKHVXSHUKHDWHGVWHDPH[LWLQJWKHERLOHUhcw_ev_i LVWKHVSHFLILFHQWKDOS\RIWKHFLUFXODWLQJ
ZDWHUHQWHULQJ LQWR WKHHYDSRUDWRU H[LWLQJ WKHHYDSRUDWRUFLUFXODWLQJZDWHUSXPShw DQGhs DUH WKH





 B B B B    cw ec cw ev cw w fw fw d i wm m h h m h h        
 B B B B B B B B B   cw ec cw ec pd cw ec i fw fw d i fw HE im h h m h h      
 
 Bfw fw sh c pdm h m h        
ZKHUH fwm LVWKHIHHGZDWHUPDVVIORZUDWHhcwLVWKHVSHFLILFHQWKDOS\RIWKHZDWHUFRQWDLQHGZLWKLQ








 B B B B
B B B B
fw d i fw HE i
HE
cw ec pd fw HE i
h h
h h
H    
7KHVSHFLILFHQWKDOS\RIWKHZDWHUH[LWLQJWKHV\VWHPSXPSVDUHFDOFXODWHGDVIROORZV
 B B i pd i pu i ih h P m     
ZKHUH Pi LV WKH SXPS SRZHU im LV WKH SXPS PDVV IORZ UDWH hi_pu DQGhi_pd DUH WKH IOXLG VSHFLILF
HQWKDOSLHVXSVWUHDPDQGGRZQVWUHDPWKHSXPSUHVSHFWLYHO\DQGi = fwIRUWKHIHHGZDWHUSXPSi = 
cw_ecIRUWKHHFRQRPL]HUFLUFXODWLQJZDWHUSXPSi = cw_evIRUWKHHYDSRUDWRUFLUFXODWLQJZDWHUSXPS
i = cIRUWKHFRQGHQVDWHZDWHUSXPS
7KH SRZHU IRU HDFK RQH RI WKH V\VWHP SXPSV LV FDOFXODWHG EDVHG RQ WKH SXPS SUHVVXUH LQFUHDVH
HIILFLHQF\DQGIOXLGGHQVLW\DVIROORZV




 B B B DF D B D DF B B DF B B   fw fw HE i fw pd p HT i HT om h h m c T TK     
ZKHUH Dm LV WKH DLU PDVV IORZ UDWH HQWHULQJ WKH HQJLQH DLU FRROHU cp_D LV WKH PHDQ VSHFLILF KHDW DW
FRQVWDQW SUHVVXUH RI WKH DLU LQ WKH KLJK WHPSHUDWXUH VWDJH RI WKH HQJLQH DLU FRROHU TDF_HT_i LV WKH





fw s shm m m      
7KHFLUFXODWLQJSXPSVPDVVIORZUDWHVZHUHFDOFXODWHGE\HVWLPDWLQJWKHUHVSHFWLYHUDWLRYDOXHV
 
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WKH VKLS SURSXOVLRQ LQVWDOODWLRQ HIILFLHQF\ GXH WR WKH HOHFWULF SRZHU JHQHUDWLRQ LV FDOFXODWHG E\ WKH
IROORZLQJHTXDWLRQ
    el f L
pumps
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eff AEeff FAE AEP C SFOC P C SFOC f P C SFOCME FME ME AE FAE AE
EEDI
Capacity Vref
          

ZKHUH ((', LV LQ J &2W10 &) LV D FRQYHUVLRQ IDFWRU EHWZHHQ IXHO FRQVXPSWLRQ LQJ DQG &2
HPLVVLRQV DOVR LQ J DQG LV EDVHG RQ IXHO FDUERQ FRQWHQW &)    J &2J IXHO IRU WKH FDVH RI
'LHVHO*DV2LODQG&) J&2J IXHO IRU WKHFDVHRI/1*0(DQG$(UHIHU WR WKHPDLQDQG
DX[LOLDU\HQJLQHVUHVSHFWLYHO\&DSDFLW\LVWDNHQWKHVKLSGHDGZHLJKW':7IRUWKHFDUJRVKLSVDQG
WKHVKLSJURVVWRQQDJH*7IRU WKH5R3D[IHUULHV30( LVGHILQHGDV WKHRI WKHUDWHG LQVWDOOHG
SRZHURIWKHPDLQHQJLQHDIWHUKDYLQJGHGXFWHGDQ\LQVWDOOHGVKDIWJHQHUDWRUSRZHU3$(LVWKHUHTXLUHG
DX[LOLDU\ HQJLQH SRZHU WR VXSSO\ QRUPDO PD[LPXP VHD ORDG LQFOXGLQJ QHFHVVDU\ SRZHU IRU
SURSXOVLRQPDFKLQHU\V\VWHPVEXWH[FOXGLQJDQ\RWKHUSRZHUHJEDOODVWSXPSVWKUXVWHUVFDUJRJHDU
HWF LQ WKH FRQGLWLRQ ZKHUH WKH VKLS HQJDJHG LQ YR\DJH DW WKH VSHHG 9UHI XQGHU WKH GHVLJQ ORDGLQJ
FRQGLWLRQ 3$(HII LV WKH DX[LOLDU\ SRZHU UHGXFWLRQ GXH WR LQQRYDWLYH HOHFWULFDO HQHUJ\ HIILFLHQW















GLVFRXQWUDWH5DQGFDQEHFDOFXODWHGE\WKHIROORZLQJHTXDWLRQJLYHQE\9',>@D?D?D?D?D? J? D?D? 	? D? 	?O?(?(?(?O?)?O?(?(?(?O?)? (? 

7KH GLVFRXQW UDWH ZKLFK DOWHUQDWLYHO\ UHIHUUHG DV WKH FRVW RI FDSLWDO RSSRUWXQLW\ FRVW RU ZHLJKWHG
DYHUDJHFRVWRIFDSLWDOLVXVHGIRUVSUHDGLQJWKHLQYHVWPHQWFRVWRYHUWKHH[SHFWHGLQYHVWPHQWOLIHRULW
FDQEHXVHGIRUGHWHUPLQLQJWKHSUHVHQWYDOXHRIIXWXUHEHQHILWVRUFRVWV,WFDQKDYHDODUJHLPSDFWRQ






+)2 0'2 DQG /1* WKH $QQXDO /XEULFDWLQJ 2LO FRQVXPSWLRQ &RVW $/2& WKH $QQXDO
0DLQWHQDQFH&RVW$0&DQGWKH$QQXDO8UHDVROXWLRQFRQVXPSWLRQ&RVW$8&IRUWKHFDVHZKHUHD
6&5V\VWHP LVXVHG$OO WKRVH FRVWV DUH FDOFXODWHGXVLQJPDLQ HQJLQH VXEVFULSWMEi DQGDX[LOLDU\
HQJLQHVVXEVFULSWAEiDVSHFLILFIXHORLOFRQVXPSWLRQVIRUSLORWD?D?D?D?(?(?(?(?(?(?(?(?D?D?D?D?(?(?(?(?(?(?(?(?DQGPDLQ
IXHOD?D?D?D?(?(?(?(?(?(?D?D?D?D?(?(?(?(?(?(?EVSHFLILFOXEULFDWLQJRLOFRQVXPSWLRQVD?D?D?D?(?(?(? D?D?D?(?(?(?FDQQXDO
RSHUDWLQJSURILOHRIWKHSODQWH[SUHVVHGLQUXQQLQJKRXUVD?D?(?(?(?D D?(?(?(?DWFHUWDLQORDGOHYHOVD?(?(?(?D?(?(?(?GIXHOSULFHVD?D?(?(?(?(?(?ǡ D?D?( (?(?HOXEHRLOSULFHD?D?D?IODERXUDQGSDUWVSULFHVH[SUHVVHGDV
VSHFLILF PDLQWHQDQFH FRVW D?D?D?(?(?(?D D?D?(?(?(?  J XUHD SULFH D㜇?O?DQG 6&5 V\VWHP XUHD VSHFLILF
FRQVXPSWLRQD?D㜇?(?(?(?D D㜇?(?(?(?7KH23(;LVH[SUHVVHGE\WKHIROORZLQJHTXDWLRQ




D?D?D? J? D?D?(?(?(?(?(?	 J J?D?D?D?D?(?(?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J D ?D ?D ?D ?(?(?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J(?(?(?(? J D?D?(?(?(?	?	? J?D?D?D?D?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J D ?D ?D ?D ?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J(?(?(?(?     
D?D?D?D? J? O?	? O㨀	D?D?D?D?(?(?(?	 ?(?(?(?	 ? D ?D ?(?(?(?(?(?(?(? J D ?D ?D ?D ?(?(?(?	 ? D ?(?(?(?	 D ?D ?(?(?(?O㬒? 	? D?D?D?   
D?D?D? J?	 O㨀	D?D?D?(?(?(?	 ? D ?(?(?(?	 ? D ?D ?(?(?(?(?(?(?(? J D ?D ?D ?(?(?(?	 ? D ?(?(?(?	 ? D ?D ?(?(?(?O    















(&$ 3RUWV  PDQRHXYULQJ LQ (&$ ZDWHUV  PDQRHXYULQJ LQ 1RQ(&$ ZDWHUV 
VDLOLQJLQ(&$RSHQVHDDQGVDLOLQJLQ1RQ(&$RSHQVHD

7KH IROORZLQJ DOWHUQDWLYH SURSXOVLRQ SODQWV DUH LQYHVWLJDWHG LQ WKH SUHVHQW VWXG\ D 7KH YHVVHO LV




UHGXFLQJ 12[ HPLVVLRQV ZKHQ WKH VKLS RSHUDWHV ZLWKLQ (&$ ]RQHV IXOILOOPHQW RI ,02 7LHU ,,,







LQMHFWHG LQ HQJLQHV F\OLQGHUV IRU FRPEXVWLRQ FRPPHQFHPHQW 7KH FRPEXVWLRQ RI /1* HQDEOHV WKH
HQJLQHVWRPHHWWKHHPLVVLRQOLPLWVLQVLGHDQGRXWVLGH(&$]RQHVF7KLVFRQILJXUDWLRQLVDVWKHFDVH
DZLWKWKHDGGLWLRQRIDZDVWHKHDWUHFRYHU\V\VWHP:+5UHFRYHULQJHQHUJ\IURPWKHPDLQHQJLQHV































HTXLYDOHQFH UDWLR RI WKH H[KDXVW JDV H[LWLQJ HQJLQH WXUERFKDUJHU WXUELQH 7KH ODWWHU ZDV XVHG IRU
HVWLPDWLQJ WKHH[KDXVWJDVFRPSRVLWLRQFRQVLGHULQJSHUIHFWFRPEXVWLRQZKLFK LQ WXUQZDVXVHGIRU
FDOFXODWLQJWKHH[KDXVWJDVVSHFLILFKHDWDWFRQVWDQWSUHVVXUH)RUWKHFDVHRIWKHKHDWLQJWKHIHHGZDWHU
XVLQJ WKH HQJLQH DLU FRROHU WKH WHPSHUDWXUH RI WKH DLU H[LWLQJ WKH WXUERFKDUJHU FRPSUHVVRU LV DOVR
UHTXLUHG DV LQSXW $OO WKH UHTXLUHG SDUDPHWHUV DUH WDNHQ IRU HQJLQH ORDGV LQ WKH UDQJH IURP  WR
 RI 0&5 FRQVLGHULQJ WKDW WKH HQJLQHV RSHUDWH DFFRUGLQJ WR SURSHOOHU ODZ DQG ,62 DPELHQW






)RU WKH FDVH RI / HQJLQH RSHUDWLQJ DW 0&5 DQ H[KDXVW JDV DPRXQW RI  ZDV FRQVLGHUHG WR










7KHYDOXHVRI WKH WHPSHUDWXUHDQGPDVV IORZUDWHRI WKHH[KDXVWJDVH[LWLQJ WKHHQJLQH IRUERWK WKH










WKHSURGXFWLRQRI WKHHOHFWULFSRZHU IURP WKH:+5V\VWHP WKH WRWDOSRZHUSODQWHIILFLHQF\DQG WKH
PLQLPXP WHPSHUDWXUH GLIIHUHQFH DW H[KDXVW JDV ERLOHU SLQFK SRLQW IRU WKH FDVHV RI WKH / DQG
/')HQJLQHVDUHSUHVHQWHGLQ)LJXUH7KHIROORZLQJFDVHVIRUWKH:+5V\VWHPSDUDPHWHUVZHUH
VLPXODWHGQRKHDWLQJRIWKHIHHGZDWHUWDQNDQGKHDWLQJWKHIHHGZDWHUXVLQJWKHHQJLQHDLUFRROHU,Q
DOO WKH VLPXODWHGFDVHVQRSURGXFWLRQRI VDWXUDWHG VWHDPIRU WKH VKLSKHDWLQJ VHUYLFHVZDVDVVXPHG
7KHERLOHUGUXPDEVROXWHSUHVVXUHZDVFRQVLGHUHGWREHEDUZKHUHDVWKHSUHVVXUHRIWKHFRQGHQVHU







ZKHQWKHHQJLQHRSHUDWHVDW ORDGUHJLRQIURPWRRI0&57KLVPHDQV WKDW LQ WKHFDVHRI
VLPXOWDQHRXV RSHUDWLRQ RI ERWK VKLS PDLQ HQJLQHV DW  ORDG WKH UHVSHFWLYH H[KDXVW JDV :+5
V\VWHPVFDQJHQHUDWHN:HIRUWKHFDVHRI'LHVHOHQJLQHVDQGN:HIRUWKHFDVHRI')HQJLQHV
7KHUHIRUHLQWKHODWWHUFDVHRQHRIWKHVKLSJHQHUDWLQJVHWVFDQEHVZLWFKHGRII7KHHIILFLHQF\LQFUHDVH
RZLQJ WR WKH QHW HOHFWULF SRZHU JHQHUDWLRQ WKH SRZHU UHTXLUHG E\ WKH :+5 V\VWHP SXPSV DUH
H[FOXGHG LV DERYH  IRU WKH FDVH RI / HQJLQH DQG DERYH  IRU WKH FDVH RI WKH /')
HQJLQHZKLFKLQGLFDWHVWKDWWKHSRZHUSODQWHIILFLHQF\LVVXEVWDQWLDOO\LPSURYHGZKHQD:+5V\VWHP
LV XVHG 7KH SRZHU SODQW WRWDO HIILFLHQF\ WKH SURGXFW RI HQJLQH EUDNH HIILFLHQF\ DQG WKH VKDIWLQJ
 
V\VWHPHIILFLHQF\SOXV WKHHIILFLHQF\LQFUHDVH LV LQ WKHUDQJHRI WRIRU WKHFDVHRI WKH/
HQJLQH ZKHUHDV LW FDQ UHDFK YDOXHV DV KLJK DV DOPRVW  LQ WKH FDVH RI WKH /') HQJLQH









LVH[SODLQHGE\FRQVLGHULQJ WKH WHPSHUDWXUHSURILOHVRIERWKHQJLQHVVKRZQLQ)LJXUH )RU WKH')
HQJLQHWKHH[KDXVWJDVWHPSHUDWXUHOD\VLQWKHUHJLRQIURPR&WRR&ZLWKWKHORZHUWHPSHUDWXUH
REWDLQHG DW  HQJLQH ORDG $W WKDW ORDG WKH PLQLPXP WHPSHUDWXUH GLIIHUHQFH LV VOLJKWO\ DERYH
R&2QWKHRWKHUKDQGIRUWKH'LHVHOHQJLQHWKHPLQLPXPWHPSHUDWXUHRIWKHH[KDXVWJDVLVREWDLQHG
IRU WKH RSHUDWLQJ SRLQW RI  ORDG $W WKDW SRLQW WKH PLQLPXP WHPSHUDWXUH GLIIHUHQFH LI VOLJKWO\
DERYHR&,QWKHFDVHRIKHDWLQJWKHIHHGZDWHUXVLQJWKHHQJLQHDLUFRROHUWKHKHDWWUDQVIHUUDWHRI
WKH HFRQRPLVHU VHFWLRQ RI WKH H[KDXVW JDV ERLOHU LV ORZHU KDYLQJ DV D UHVXOW WKH UHGXFWLRQ RI WKH




WKH WHPSHUDWXUH GLIIHUHQFH DW SLQFK SRLQW LV NHSW DERYH R& )RU WKDW UHDVRQ WKH HOHFWULF SRZHU
SURGXFWLRQ IRU WKH :+5 V\VWHP ZLWK WKH IHHG ZDWHU KHDWLQJ XVLQJ WKH HQJLQH DLU FRROHU LV RQO\
PDUJLQDOO\ LPSURYHG LQFRPSDULVRQ WR WKHIHHGZDWHUQRKHDWLQJFDVH ,Q WKDW UHVSHFW WKHKHDWLQJRI














5R5RFDUJRVKLSFDVH IRU WKHYDULRXVRSWLRQVRI LWVSURSXOVLRQSODQW LQVWDOODWLRQ GLHVHOHQJLQHZLWK




 7KXV LW LV LQIHUUHG WKDW HYHQ LQ WKH FDVH RI XVLQJ D ³FOHDQ IXHO´ VXFK /1* WKH DWWDLQHG ((',
PDUJLQDOO\H[FHHGVWKH((',EDVHOLQHYDOXH7KLVPHDQVWKDWRQO\WKHFKDQJHRIIXHOLVQRWDGHTXDWH
IRU FRPSO\LQJ ZLWK WKH ((', UHJXODWLRQV DQG WKHUHIRUH DGGLWLRQDO PHDVXUHV VKRXOG EH WDNHQ IRU
LQFUHDVLQJWKHVKLSSURSXOVLRQSODQWHIILFLHQF\LQWKHGHVLJQSKDVH7KHLQVWDOODWLRQRID:+5V\VWHP
EHORQJV WR WKHSRVVLEOH VROXWLRQV ,Q VXFKD FDVH VLJQLILFDQW UHGXFWLRQVRI WKH DWWDLQHG((',FDQEH













WKH ³/1*:+5´ SURSXOVLRQ SODQW ZLWK DURXQG 0¼ DQQXDO VDYLQJV FRPSDUHG ZLWK WKH ³'LHVHO±
:+5´SURSXOVLRQSODQW7KLVPHDQVWKDWWKH/1*HQJLQHVFRPELQHGZLWKD:+5V\VWHPGHVSLWHRI










































KLJKHUHIILFLHQF\FRPSDUHG WR WKHGLHVHO HQJLQHVSURSXOVLRQSODQW:KHQD:+5V\VWHP LVXVHG IRU
JHQHUDWLQJHOHFWULFSRZHUDVXEVWDQWLDOSDUWRIWKHVKLSHOHFWULFHQHUJ\GHPDQGFDQEHFRYHUHG,QWKH
FDVH RI /1* SURSXOVLRQ D  WR  LQFUHDVH LQ WKH SODQW HIILFLHQF\ ZDV FDOFXODWHG ZKHUHDV WKH
SUHGLFWHG HIILFLHQF\ LQFUHDVH ZDV IURP  WR  LQ WKH FDVH RI GLHVHO SURSXOVLRQ 0RUH HOHFWULF
SRZHUFDQEHSURGXFHGIRUWKHFDVHRI/1*SURSXOVLRQ:KHQERWK')HQJLQHVRSHUDWHDWORDG
WKH VZLWFKLQJ RII RI RQH RI WKH JHQHUDWLQJ VHWV LV SRVVLEOH )RU WKH H[DPLQHG VLQJOH VWHDP SUHVVXUH





LV LQVWDOOHG SUHVHQWHG ((', YDOXHV DERYH WKH SURSRVHG EDVHOLQH 7KH ') HQJLQHV SURSXOVLRQ SODQW
((',LVLQWKHUHJLRQRIWKHSURSRVHGEDVHOLQHYDOXHDOWKRXJKVOLJKWO\DERYH2QO\WKHFRPELQDWLRQ




SODQW KDV JUHDWHU LQLWLDO FRVW LW JDYH ORZHU DQQXDO FRVW ZKLFK LV DWWULEXWHG WR WKH KLJKHU RYHUDOO









HIIHFWLYHQHVVSURYHGE\ DQQXDO VDYLQJ LQRSHUDWLQJ FRVWV H[FHHGLQJ0¼ FRPSDUHGZLWK WKH'LHVHO
HQJLQHVDOWHUQDWLYHIRUWKHH[DPLQHGVKLSRSHUDWLRQDOSURILOH

+RZHYHU VHYHUDO FKDOOHQJHV UHODWHG ZLWK WKH XVH RI /1* RQERDUG VKRXOG EH VHULRXVO\ WDNHQ LQWR
FRQVLGHUDWLRQEHIRUHWKHILQDOVHOHFWLRQLVPDGH7KHODFNRI/1*LQIUDVWUXFWXUHLQWKHPDMRULW\RIWKH
FRPPHUFLDO SRUWV WKH OLPLWHG H[SHULHQFH IURP UXQQLQJ PDULQH HQJLQHV ZLWK JDV IXHOV WKH UHTXLUHG










HQHUJ\HIILFLHQF\GHVLJQ LQGH[ ((', IRUQHZVKLSV0(3&/RQGRQ ,QWHUQDWLRQDO0DULWLPH
2UJDQL]DWLRQ





>@ :LN &K  7LHU ,,, WHFKQRORJ\ GHYHORSPHQW DQG LWV LQIOXHQFH RQ VKLS LQVWDOODWLRQ DQG














VWDWLRQ LQIUDVWUXFWXUH DQG WHVW RI UHFRPPHQGDWLRQV 0DUFK&RSHQKDJHQ7KH'DQLVK0DULWLPH
$XWKRULW\
>@ $GUHROD 0 	 7LUHOOL *  'XDOIXHOHOHFWULF /1* FDUULHU PDFKLQHU\ ZKHQ D FRQFHSW
EHFRPHVUHDOLW\:lUWVLOl7HFKQLFDO-RXUQDO0DULQH,Q'HWDLO
>@ :RRG\DUG '  3RXQGHUV 0DULQH 'LHVHO (QJLQH DQG *DV 7XUELQHV WK HG (OVHYLHU /WG
2[IRUG8.
 







>@ /HYDQGHU 2  +DQG\ 6L]H /1* &UXLVH 6KLS &RQFHSW :lUWVLOl 7HFKQLFDO -RXUQDO
0DULQH,Q'HWDLOSS




>@ 6FKPLG +  /HVV HPLVVLRQV WKURXJK ZDVWH KHDW UHFRYHU\ *UHHQ 6KLS 7HFKQRORJ\





















>@7KHRWRNDWRV* 2Q WKHF\FOHPHDQYDOXHPRGHOOLQJRID ODUJH WZRVWURNHPDULQHGLHVHO
HQJLQH3URF,0HFK(3DUW0-(QJLQHHULQJIRUWKH0DULWLPH(QYLURQPHQWSS
>@.\UWDWRV137KHRGRVVRSRXORV37KHRWRNDWRV*	;LURV16LPXODWLRQRIWKHRYHUDOO












>@ 9',   :LUWVFKDIWOLFKNHLW JHEDXGHWHFKQLVFKHU $QODJHQ *UXQGODJHQ GHU
.RVWHQEHUHFKQXQJ
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